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Edited by Peter BrzezinskiAbstract Although the reversible dissociation of the V1VO
holoenzyme into its V1 and VO complexes is a general mecha-
nism for the regulation of V-ATPases, important aspects are still
not understood. By analyzing the endogenous nucleotide content
of the V1VO holoenzyme and of the V1 complex, both puriﬁed
from Manduca sexta larval midgut, we found that the V1 com-
plex contained 1.7 molec. of ADP, whereas only 0.3 molec. of
ADP were bound to the V1VO holoenzyme. By contrast, both
proteins contained only negligible amounts of ATP. Incubation
of the V1VO holoenzyme with various adenine nucleotides re-
vealed that ATP hydrolysis, leading to a state containing tightly
bound ADP is necessary for its dissociation.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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V-ATPases are proton translocating enzymes occurring in
all membranes of acidic organelles and also in specialized plas-
ma membranes [1,2]. They are heteromultimeric proteins con-
sisting of a membrane bound VO complex and a cytosolically
oriented V1 complex, and they play an important role in diﬀer-
ent processes such as ion homoeostasis and energisation of
membranes. To meet these conditions, it may happen that they
consume high amounts of metabolic energy. For example, the
plasma membrane V-ATPase in the midgut of the tobacco
hornworm, Manduca sexta, consumes 10% of the overall
ATP of the whole animal [3]. Therefore, to avoid the waste
of energy, a strict adjustment of V-ATPase activity to the phys-
iological needs appears to be necessary. While a handful of
regulatory mechanisms from transcriptional to post-transla-
tional control have been discussed [2,4], mainly two mecha-
nisms concerning the number of active enzymes in the
membrane appear to be most important. One mechanism re-
gards the recruiting and releasing of V1VO holoenzyme by
endo- and exocytosis of V-ATPase rich vesicles as, e.g. in the
distal and proximal tubules of the kidney or in the ruﬄed
membrane of osteoclasts [5,6]. The other mechanism regards
the regulation via reversible dissociation of the V1VO holoen-
zyme into the VO and V1 complex which was ﬁrst discovered
in M. sexta and in the yeast Saccharomyces cerevisiae [7–9].*Corresponding author. Fax: +49 541 969 3503.
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doi:10.1016/j.febslet.2007.11.004This dissociation leads to the inactivation of the V-ATPase
as the free membrane bound VO complex does not transport
protons and the released V1 complex has no ATPase activity
under physiological conditions [9,10].
In this paper we show that the V1 complex contains, in con-
trast to the nucleotide free V1VO holoenzyme, tightly bound
ADP, which evidently has to originate from the hydrolysis of
ATP. This ADP bound state of the holoenzyme appears to
be unstable as long as ADP is not released due to the binding
of another ATP, thus leading, at an unfavourable ATP/ADP
ratio, to the dissociation into the V1 and VO complexes.2. Materials and methods
2.1. Determination of nucleotides
The determination of endogenous tightly bound nucleotides
followed a modiﬁed luciferin/luciferase protocol of Senior et al. [11].
The samples with volumes of 100–200 ll (0.5–2 lg/ll protein in
150 mM NaCl, 9.6 mM b-mercaptoethanol, 20 mM Tris–HCl pH
8.1) were denaturated for 5 min at 100 C, placed on ice and centri-
fuged for 5 min at 20000 · g and 4 C. The supernatant was collected
and stored at 20 C. For ATP determination, 10 or 20 ll of the super-
natant were mixed with 500 ll luciferin/luciferase buﬀer (60 mM Tris–
acetate pH 7.75, 10 mM MgCl2, 1 mM KCl, 1.5 mM EDTA, 2.5 mM
b-mercaptoethanol) and 0.4 mg/ml luciferin/luciferase (Sigma). After
30 s of preincubation, the light emission was measured for 60 s with
a Lumat LB 9507 (Berthold). For ADP determination, 10 or 20 ll of
the supernatant were mixed with 90 ll luciferin/luciferase buﬀer and
10 ll pyruvate kinase (70 mM Tris–acetate pH 7.75, 9 mM MgCl2,
5 mM KCl, 2 mM phosphoenolpyruvate, 2 mM EDTA and 500 U/
ml pyruvate kinase), incubated at 30 C, and after 40 min 400 ll luci-
ferin/luciferase buﬀer and 0.4 mg/ml luciferin/luciferase were added
to the samples which were then measured as described for ATP. To
quantify ATP and ADP, parallel samples with deﬁned amounts of
nucleotides (0.1 pmol–1 nmol) were used as standards.
2.2. Removal of bound nucleotides
To remove nucleotides from the V1 complex, FPLC runs on a super-
dex 200 column (GE Healthcare) were performed in 150 mM NaCl,
20 mm Tris–HCl pH 8.1, 9.6 mM b-mercaptoethanol with either addi-
tional 25% methanol, 5 mM EDTA, 0.01% C12E10 or no additive,
respectively. Furthermore a sephadex G-50 column (1.6 cm · 100 cm,
100 mM Tris–sulfate pH 8.0, 4 mM EDTA, 50% glycerol) was used
as described in [11]. Finally, the V1 complex (460 lg protein in
110 ll of 150 mM NaCl, 20 mm Tris–HCl pH 8.1, 9.6 mM b-mercap-
toethanol) was incubated for 18 h at 25 C with alkaline phosphatase
(57 U, Stratagene) as described in [12]. Before the nucleotide content
was measured, the phosphatase was removed quantitatively using a
superdex 200 column.
2.3. Separation of the V1VO holoenzyme from V1 and VO complexes
Aliquots of the V1VO holoenzyme (70 ll containing 100 lg protein,
150 mM NaCl, 9.6 mM b-mercaptoethanol, 20 mM Tris–HCl pH 8.1,
0.01% C12E10) were preincubated for 10 min at 30 C. Then 10 llblished by Elsevier B.V. All rights reserved.
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incubation for up to 1 h at 30 C. The separation of the V1VO holo-
enzyme from the dissociated V1 and VO complexes was performed
by sucrose density gradient centrifugation (2 ml 40%, 1 ml 35%, 1 ml
30%, 1 ml 25%, 1 ml 20%, 1 ml 15% and 1 ml 10% sucrose in 16 mM
Tris–HCl pH 8.1, 0.32 mM EDTA, 0.01% C12E10, 9.6 mM b-mercap-
toethanol). Before centrifugation the samples were mixed with 920 ll
of 5% sucrose and layered on the gradient. After centrifugation
(90 min, 339000 · gmax, 25 C, VTi 65.1, Beckman) the gradient was
fractionated in 500 ll aliquots.
2.4. ATPase assays
V-ATPase assays were performed in a total volume of 160 ll, at a
pH of 8.1 and consisted of 4 lg of protein, 50 mM Tris–MOPS,
3 mM b-mercaptoethanol, 1 mM MgCl2, 20 mM KCl, 0.003%
C12E10, 20 mM NaCl, and 3 mM Tris–HCl. After preincubation for
5 min at 30 C at varying concentrations of ADP, 1 mM Tris–ATP
was added and after 15 s the reaction was stopped by placing the tubes
into liquid nitrogen. The produced inorganic phosphate was measured
according to Wieczorek [13].
2.5. Other procedures
The V1VO holoenzyme, the V1 complex, and the VO complex were
puriﬁed according to established protocols [9,14]. Insect culture,
SDS–PAGE, protein determination by amido black, silver staining
and the identiﬁcation of all subunits of a V1VO holoenzyme by mass
spectrometric analysis (see Fig. 1a, Supplementary material) were car-
ried out as described previously [13–15].0
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Fig. 1. Inhibition of V-ATPase activity by ADP. The 4 lg of puriﬁed
V1VO holoenzyme were pre-incubated with the indicated concentra-
tions of ADP for 5 min. Then 1 mM ATP was added and the produced
amount of inorganic phosphate was determined after 15 s of incuba-
tion (means ± S.E.M., n = 6).
Table 1
Nucleotide content of the puriﬁed V1VO holoenzyme and the V1 complex
V1VO holoenzyme V1 complex (starving) V1 complex
ATP 0.005 ± 0.002 mol/mol
(n = 3)
0.002 ± 0.001 mol/mol
(n = 3)
n.d.
ADP 0.28 ± 0,05 mol/mol
(n = 6)
1.70 ± 0.57 mol/mol
(n = 14)
1.63 ± 0.42 m
(n = 8)
Means ± S.E.M.; n.d., not determined.3. Results
3.1. Inhibition of the V1VO holoenzyme by varying ATP/ADP
ratios
Since the ATP/ADP ratio reﬂects the energy load of the cell
and may play an important role in regulating the activity of the
V-ATPase in vivo, we measured the initial rate of ATP hydro-
lysis by incubating the puriﬁed V1VO holoenzyme for 15 s in
the presence of varying concentrations of ADP. As shown in
Fig. 1, the activity in the presence of 1 mM ATP was reduced
50% at ADP concentrations between 1 and 3 lM and nearly
90% by 0.1 mM ADP.
3.2. Determination of tightly bound endogenous nucleotides
To test how the nucleotide ratio inﬂuences the activity of the
V1VO holoenzyme, the content of endogenous nucleotides
bound to the V1VO holoenzyme and to the V1 complex was
measured as depicted in Table 1. Neither in the V1VO holo-
enzyme nor in the V1 complex a considerable amount of
ATP could be found. By contrast the content of ADP bound
to the V1VO holoenzyme was 0.3 mol/mol and in the V1 com-
plex even reached a value as high as 1.7 mol/mol in feeding,
starving and moulting animals, respectively. As this high
amount of bound ADP may lead to the inactivity of the disso-
ciated V1 complex under physiological conditions, we tested
whether it was loosely or tightly bound. For this purpose we
performed gel ﬁltration chromatography under diﬀerent condi-
tions to remove the nucleotides from the V1 complex. Treat-
ment with 25% methanol which successfully regains the Mg-
ATPase activity of the V1 complex in vitro [9] or treatment with
EDTA which should detach ADP from its binding site by
chelating residual Mg2+ did not reduce the ADP content. Like-
wise the detergent C12E10 in which the V1VO holoenzyme was
solubilised or gelﬁltration on a sephadex G-50 column, which
had been used successfully for the E. coli F1-ATPase [11], had
no eﬀect. Only the enzymatic treatment using alkaline phos-
phatase according to Digel et al. [12] reduced the ADP content
successfully to one-third of the control level. Thus we conclude
that ADP was tightly bound to the V1 complex.
3.3. In vitro dissociation of the V1VO holoenzyme
Since on the one hand the activity of the V1VO holoenzyme
was reduced in the presence of ADP and on the other hand
ADP was tightly bound to the dissociated V1 complex, the
question arose whether the inhibition was mediated by the dis-
sociation of the V1VO holoenzyme due to binding of ADP. To
evaluate this possibility, we incubated the V1VO holoenzyme in
the presence of 0.2 mM ADP, a concentration twice as much
as needed to reduce the activity of the V1VO holoenzyme to
10% (Fig. 1), and then carried out a density gradient centrifu-
gation. The incubation had no eﬀect on the stability of the(feeding) V1 complex (moulting) V1 complex
(after in vitro dissociation)
n.d. n.d.
ol/mol 1.75 ± 0.42 mol/mol
(n = 4)
1.80 mol/mol (n = 1)
5568 M. Huss, H. Wieczorek / FEBS Letters 581 (2007) 5566–5572V1VO holoenzyme which remained intact and migrated to the
same density as in the control (Fig. 2A and B, lane 4).1 2 3 4 5 6 7 8 9 10
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Fig. 2. Inﬂuence of ADP on the dissociation of the V1VO holoenzyme. The
ADP (B). After separation by sucrose density gradient centrifugation, 500 ll
2–10, respectively), were subjected to SDS–PAGE followed by silver stain
standard proteins with molecular masses of 94, 67, 43, 30, 20, and 14 kDa,
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Fig. 3. Inﬂuence of ATP on the dissociation of the V1VO holoenzyme. The p
ATP (B). As a control, samples of the puriﬁed V1 complex (C), the puriﬁ
holoenzyme (E), were used for sucrose density gradient centrifugation. Subun
as indicated. For further details see Fig. 2.Although a minor dissociation, indicating a slight instability
of the V1VO holoenzyme was observed under these conditions1 2 3 4 5 6 7 8 9 10
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ing. Subunits of the V1VO holoenzyme as indicated. Lane 1, 1 lg of
respectively.
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Fig. 5. Protein distribution in the sucrose gradients. The protein
contents of lanes 4, 7 and 9, respectively, in Figs. 2A, B, 3A, B and 4A–
D were determined. One hundred percent represents the total amount
of protein in the whole gradient.
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obtained when the V1VO holoenzyme was incubated with
2 mMATP (Fig. 3A). The enzyme dissociated into the V1 com-
plex which migrated towards the fraction represented in lane 5
and the VO complex which migrated to the fractions repre-
sented in lanes 8 and 9. In control experiments with the puri-
ﬁed V1 complex, the puriﬁed VO complex and a mixture of
both complexes together with the V1VO holoenzyme, a similar
sedimentation pattern was seen (Fig. 3C–E, respectively). Incu-
bation of the V1VO holoenzyme with only 1 lM ATP, which
reﬂected a one to one ratio of V1VO holoenzyme to its sub-
strate, led to a comparable result as the incubation with
2 mM ATP (Fig. 3B). Consequently one molecule of ATP
per V1VO holoenzyme appeared to be enough to result in its
dissociation into the V1 and the VO complex. To answer the
obvious question whether this ATP molecule needs to be
hydrolysed we used the non-hydrolysable ATP analogue
AMP-PNP. Incubation with 2 mM AMP-PNP (Fig. 4A) did
not result in considerable dissociation of the V1VO holoenzyme
and appeared to prevent the dissociation even in the presence
of 0.2 mM ATP (Fig. 4B), but not in the presence of 2 mM
ATP (Fig. 4C). These results lead to the suggestion that the
hydrolysis of ATP is required to initiate the dissociation of
the V1VO holoenzyme in vitro. This idea is also supported by
the last result of the incubation experiments as the eﬀect of
1 lMATP could be suppressed by an excess of ADP (Fig. 4D).
To obtain a quantiﬁable impression, we decided to measure
protein concentrations in the fractions of the sucrose density
gradients. Because quantiﬁcation and comparison of multiple
silver stained gels, even if they are processed in parallel, is
problematic, we determined the protein contents of selected
fractions from the sucrose gradients shown in Figs. 2–4 (lane
4: fraction containing most of the V1VO holoenzyme and part
of the V1 complex; lane 7: intermediate fraction separating the
V1VO holoenzyme and the V1 complex from the VO complex;1 2 3 4 5 6 7 8 9 10 1
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Fig. 4. Inﬂuence of AMP-PNP on the dissociation of the V1VO holoenzym
AMP-PNP and 0.2 mM ATP (B), 2 mM AMP-PNP and 2 mM ATP (C) orlane 9: fraction containing most of the VO complex). Firstly,
the results again showed that 0.2 mM ADP, 2 mM AMP-
PNP, 1 lMATP in the presence of 0.2 mM ADP, respectively,
had no or nearly no eﬀect on the dissociation of the V1VO
holoenzyme. Secondly, 2 mM ATP alone or in the presence
of 2 mM AMP-PNP had the most prominent impact on the
dissociation. Thirdly, 1 lM ATP also had an eﬀect on the dis-
sociation as 2 mM ATP, although its inﬂuence was obviously
weaker. Last but not least, 2 mM AMP-PNP in the presence
of 0.2 mM ATP led to a partial dissociation of the holoenzyme
which had not been seen as explicitly in the gel (Fig. 4B). How-
ever, going back to the gel with this new information, at least a2 3 4 5 6 7 8 9 10
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e. The holoenzyme was incubated with 2 mM AMP-PNP (A), 2 mM
with 1 lM ATP and 0.2 mM ADP (D). For further details see Fig. 2.
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V1 content in lane 5 of Fig. 4B. The weak representation of VO
complex in lane 9 of Fig. 4B remains ambiguous, but could be
due to slight variations in silver staining. Taken together,
Fig. 5 demonstrates that the dissociation of the V1VO holo-
enzyme depends on the type and concentration of adenine
nucleotides.
To compare the in vitro with the in vivo situation, the
amount of ADP bound to the in vitro dissociated V1 complex
(isolated from the fraction represented in lane 5, Fig. 3A) was
determined and indeed the value of 1.8 mol ADP per mol V1
complex matched the in vivo values (Table 1). This result sup-
ports the assumption that the same mechanisms lead to the dis-
sociation under in vitro and under in vivo conditions.4. Discussion
4.1. The V1VO holoenzyme is inhibited by ADP
The hydrolytic activity of the V1VO holoenzyme from M.
sexta is remarkably reduced in the presence of ADP (Fig. 1).
Two diﬀerent kinds of inhibition have to be distinguished,
the inhibition by ADP produced upon ATP hydrolysis and
the inhibition of the initial hydrolysis rate by preincubation
with ADP. The latter one seems to be common for V-ATPases
as has been shown for a variety of diﬀerent examples. For the
V-ATPase from chromaﬃn granules allosteric inhibition of
ATP-hydrolysis in the presence of 100 lM ADP was reported
[16]. A similar result was obtained for the ATP dependent pro-
ton transport by kidney and by osteoclast V-ATPases where
ADP led to an inhibition of the initial ATP hydrolysis with
Ki values of 37 and 17 lM, respectively [17]. Webster et al.
[18] detected an inhibitory eﬀect of ADP at concentrations be-
tween 25 and 200 lM on proton transport energised by the V-
ATPase in chromaﬃn granules. Later on the authors deter-
mined, by using [3H]ADP, a high aﬃnity binding site for
ADP with a Kd value of 70 nM [19]. V-ATPase dependent pro-
ton transport in isolated yeast vacuoles as measured by patch
clamp experiments was also inhibited by the addition of 5 mM
external ADP, and the reduction of the cytosolic ADP content
by the use of an ATP regenerating system led to increased
activity [20]. A direct response of the V-ATPase activity to
changing ATP/ADP ratios had also been reported for plant
tonoplasts [21]. In clathrin coated vesicles inhibition of proton
transport started at ADP concentrations as low as 0.2 lM [22].
Finally, our present results for the V-ATPase from M. sexta
show a 50% inhibition at the comparably low ADP concentra-
tion of ca. 2 lM. All these observations are in line with the
model suggested by Webster et al. [18] on the basis of their
kinetic studies. In this model the V-ATPase occurs in two
conformational states, a catalytic active R-conformation and
an inactive T-conformation, with three catalytic and one
regulatory binding site for nucleotides. Therein ADP binds
preferentially to the T-conformation of the V-ATPase and in
this way regulates the activity of the enzyme.
A similar initial lag phase of the catalytic activity has been
found in the sister enzymes of the V-ATPase, the F-ATPases
from mitochondria and chloroplasts. As origin of the inhibi-
tion by preincubation with ADP the occupation of the cata-
lytic binding site by ADP was supposed, which occurs
likewise according to the binding change mechanism during reg-ular hydrolysis [23–26]. However, for V-ATPases the physical
presence of ADP in a regulatory binding site still needs to be
shown.4.2. The dissociation of the V1VO holoenzyme is triggered by
ATP hydrolysis
Since nearly two decades it has been known that under
in vitro conditions the V1 complex can be detached from the
VO complex in the membrane bound or the reconstituted V-
ATPase by chaotropic ions and/or nucleotides, whereby an
incubation on ice (cold inactivation) additionally supports this
dissociation [27–31]. The highest rates of dissociation were
achieved in the presence of Mg-ATP. Preincubation with
NEM, which inhibits binding and hydrolysis of ATP, prevents
the dissociation of the V1VO holoenzyme [16,27,28]. Moreover
it was shown by using non-hydrolysable ATP-analogues, that
binding alone is not suﬃcient to induce dissociation. Therefore
it was assumed that during hydrolysis the V1VO holoenzyme
passes a conformation which makes it susceptible for dissocia-
tion by chaotropic ions.
After the dissociation of the V1VO holoenzyme had been
detected in yeast, several important hints deriving from vma
mutants indicated that ATP-hydrolysis plays a crucial role
for the ability of the V1VO holoenzyme to dissociate [32,33].
Most of the mutants lost the property to hydrolyse ATP,
and as an obvious consequence the V1VO holoenzyme also lost
its ability to dissociate upon glucose deprivation. The holoen-
zyme of one of these mutants, however, was able to bind ATP,
but anyway did not dissociate [33]. On the other hand the
holoenzyme of a yeast strain with a mutation in subunit D,
leading to 90% less V-ATPase activity and proton transport,
was able to respond to the removal of glucose from the med-
ium like the wild-type holoenzyme by dissociation [34]. Thus
already a relative low activity of the V-ATPase seems to be en-
ough to gain the possibility of regulating the V1VO holoenzyme
in vivo by dissociation. The indirect assumption that only a few
hydrolytic steps are necessary for this dissociation could be
proven by the experiments in our present work. Already the
hydrolysis of a single ATP molecule per molecule of V1VO
holoenzyme and thus the incorporation of ADP into the en-
zyme without a following ATP binding step appears to be suf-
ﬁcient to destabilize the V1VO holoenzyme enough to induce
the dissociation into the V1 and VO complex. Incubation with
high ADP concentrations also caused a partial dissociation
[27,28]. In this scenario, the following model seems possible.
ATP binds to the V1VO holoenzyme, is hydrolysed and the
emerging ADP is replaced immediately by a new ATP. If,
due to an unfavourable ATP/ADP ratio, not enough ATP is
present, ADP remains in the binding pocket. Since this confor-
mation obviously is relatively unstable, the enzyme shows an
increasing tendency to dissociate the longer it remains in the
ADP containing conformation. This may explain the eﬀect
of cold inactivation when the V1VO holoenzyme dissociates fas-
ter in the presence of ATP on ice then at room temperature
[27]. Because ATP hydrolysis will slow down at a low temper-
ature, the enzyme will stay longer in the unfavourable unstable
ADP conformation and dissociate more easily.
The ﬁnding that the same amount of ADP is bound to the V1
complex after dissociation in vivo and in vitro conﬁrms not
only the signiﬁcant role of ADP for the dissociation of the
V1VO holoenzyme, but also indicates that our results obtained
M. Huss, H. Wieczorek / FEBS Letters 581 (2007) 5566–5572 5571in vitro may reﬂect the in vivo situation. The tightly bound
ADP may also play a crucial role in silencing the ATPase
activity of the free cytosolic V1 complex in vivo. All so far iso-
lated V1 complexes showed no ATPase activity under physio-
logical conditions; they either need the presence of methanol or
millimolar concentrations of Ca2+ to regain hydrolytic activity
[9,32,35,36]. The observation that the tightly bound ADP
could not be released from the enzyme by treatment with
methanol which stimulates the ATP hydrolysis by the V1 com-
plex very eﬃciently may be comparable to results obtained
with CF1 complexes from spinach chloroplasts, where ATP
hydrolysis must occur in order to promote ADP release [37].
Our ﬁndings appear to be in line with reports from the Ther-
mus thermophilus V-ATPase where the content of ADP bound
to the isolated V1 complex raises from 0.1 mol/mol to 1.5 mol/
mol upon hydrolysis of ATP, resulting in an inactivation of the
enzyme [38]. The yeast V1 complex used by Parra and Kane
[32] did not contain intrinsic nucleotides and thus this result
seems to contradict our ﬁndings. However, the yeast V1 com-
plex was, for reasons of higher protein yield, isolated from a
Vma3p mutant strain, where the V1 complex is a priori unable
to associate with the VO complex and therefore never under-
went a state of native ATPase activity or dissociation.
Taken together, our results lead to the suggestion that the
V1VO holoenzyme itself is an in vivo sensor for the ATP/
ADP ratio and that it may down-regulate its own activity upon
low energy content of the cell by dissociation of the V1 from
the VO complex due to a tightly bound ADP.
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